Osteogenic sarcoma is the most common primary tumor of the bone, typically affecting the long tubular bones of children and adolescents. The identification of effective chemotherapy significantly improved the outcome with long-term relapse free survival rates ranging from 55 to 75% over the last several decades. 1, 2 On the other hand, the remainder of patients will relapse most often with pulmonary metastases. These patients poorly respond to chemotherapy. 3 Therefore, a need exists to stratify patients at diagnosis into low-and high-risk groups improving the outcome of high-risk patients and minimizing the toxicity of therapy for low-risk patients by means of a risk-adapted therapy. Histologic response of the tumor to chemotherapy is currently the strongest predictive factor of outcome but can only be assessed after several weeks of therapy. 1, 4 Yet, beside clinical stage, there are no prognostic indicators with sufficient predictive value at the time of diagnosis. Several parameters have been investigated for their relation to outcome, including tumor size and localization, serum levels of lactate dehydrogenase and alkaline phosphatase and expression of P-glycoprotein, but have not been shown to be consistently predictive. [5] [6] [7] [8] The Her-2/neu proto-oncogene (also called erbB-2) located on human chromosome 17 encodes a 185 kDa transmembrane glycoprotein with tyrosine kinase activity that shares extensive sequence homology with the epidermal growth factor receptor gene. 9 Overexpression of Her-2/neu has been shown in a variety of human tumors including breast, 10 lung 11 and ovarian carcinomas. 12 In addition, Her-2/ neu overexpression could be correlated with poor prognosis in patients with breast cancer 13 and has been proposed as possible target for tumor therapy. [14] [15] [16] Several reports have suggested that Her-2/neu overexpression may also be of predictive value for osteosarcoma therapy but the results are controversial. Using immunohistochemical assays, some studies demonstrated Her-2/neu overexpression in osteosarcoma tissues, which strongly correlated with early pulmonary metastases, less tumor necrosis after preoperative chemotherapy and a significantly decreased event-free survival rate. [17] [18] [19] Other studies did not observe any Her-2/neu expression or only cytoplasmic expression 20 which is in contrast to membranous positivity considered as non-specific. In these studies, observation of cytoplasmic positivity was independent of histologic subtype and grade and not associated with response to preoperative chemotherapy or disease progression. 21, 22 On the other hand, a correlation of cytoplasmic Her-2/neu positivity with a shorter overall metastasis-free survival has recently been reported. 23 These discrepancies have extensively been discussed in the literature and attributed mainly to technical issues including the type of tissue, fixation method, storage conditions, sensitivity and reliability of the antibodies used, the scoring system and the interpretation of the results. 24, 22 Owing to the methodical problems concerning immunohistochemical analysis of Her-2/neu, we focused on the evaluation of the prognostic significance of Her-2/neu gene expression on the outcome of osteosarcoma therapy. However, a major disadvantage in the analysis of normal or neoplastic tissues using conventional techniques is the cellular heterogeneity of most tissue samples. The results of such studies crucially depend on the abundance of the cells of interest and are highly influenced by contaminating bystander cells. The recently developed laser microdissection overcomes this obstacle and allows the analysis of a well defined cell population. [25] [26] [27] In combination with real-time quantitative reverse transcription-polymerase chain reaction (RT-PCR), minute amounts of RNA can be quantified even in archival material. However, the majority of archival material available for molecular analysis is represented by formalin-fixed paraffinembedded tissues. In consequence of extensive crosslinking and chemical modification of the nucleic acids caused by formalin fixation and decalcification, only small amounts of highly fragmented RNA can be isolated from these samples. [28] [29] [30] [31] [32] Therefore, the aim of this study was to establish and optimize the procedure of quantitative gene expression analysis in laser-microdissected, paraffin-embedded osteosarcoma tissues and to apply this technique on the evaluation of the prognostic value of Her-2/neu expression on therapy outcome.
Materials and methods

Patients
Formalin-fixed paraffin-embedded specimens from 17 osteosarcoma biopsies were retrieved from the archive of the Institute of Osteopathology of the University Hospital Hamburg-Eppendorf.
Response to preoperative chemotherapy was assessed histologically according to the six-grade scale of Salzer-Kuntschik et al 33 where grade 1 denotes no viable tumor cells; grade 2, solitary viable cells or one islet of less than 0.5 cm; grade 3, less than 10%; grade 4, 10-50%; grade 5, more than 50% and grade 6, no effect of chemotherapy. A good response was defined as less than 10% viable tumor cells corresponding to response grades 1-3.
Preparation of Samples
For microdissection the paraffin-embedded osteosarcoma tissues were cut in 10 mm sections and mounted on 0.17 mm glass slides (PALM Microlaser Technologies AG, Bernried, Germany) covered with a 1.35 mm thin polyethylene-naphthalene membrane (PALM). Prior to tissue mounting, the membrane was UV-irradiated to overcome the hydrophobic nature of the membrane. Sections were deparaffinized in two changes of XEM-200 (Vogel GmbH, Giessen, Germany) for 2 min, rehydrated in 100% ethanol, 96% ethanol and 70% ethanol, for 1 min each and briefly washed in distilled water (Invitrogen, Karlsruhe, Germany). Sections were stained for 1 min in Mayer's hematoxylin solution (Sigma, Deisenhofen, Germany), blued in 0.025% sodium bicarbonate (Sigma) for 2 min, washed in distilled water (Invitrogen), counterstained for 2 min in eosin Y solution (Sigma), washed again in distilled water and air dried for 30 min.
Microdissection
Microdissection was carried out using the MicroBeam system from PALM Microlaser Technologies, which consists of a pulsed, low-energy 337 nm nitrogen laser coupled into an inverted microscope (Axiovert 200, Carl Zeiss, Gö ttingen, Germany). The tumor cells were localized and marked under the microscope and catapulted into the cap of 0.5 ml PCR reaction tubes (PALM) that have been DEPC-treated and autoclaved before use. Immediately before catapulting, the caps were coated with 1 ml mineral oil (Sigma) to enhance the adherence of the specimen. Prior to the laser-mediated transfer, the specimen was isolated by laser microbeam microdissection, forming a clear-cut gap around the selected area.
After catapulting the cells of interest, the caps were put on the corresponding tubes containing 1 ml PCR-grade proteinase K (14-22 mg/ml, Roche, Mannheim, Germany) and 40 ml proteinase K digestion buffer (10 mM Tris-HCl pH 8.0, 0.1 mM EDTA pH 8.0, 2% SDS) and centrifuged at 14 000 rpm for 2 min. Digestion was carried out at 56 o C for 16 h.
RNA Extraction and Reverse Transcription
Total RNA was extracted using the Absolutely RNA TM Nanoprep kit (Stratagene, Amsterdam, Netherlands). This kit allows rapid purification of high-quality RNA from extremely small samples like cells harvested by laser microdissection. The included DNase digestion removes contaminating genomic DNA, which would disturb downstream quantification analysis. Lysis buffer (100 ml) was added to the proteinase K digestion mixture and extraction of RNA was carried out according to the manufacturer's protocol. Finally, RNA was eluted in 15 ml elution buffer.
Reverse transcription was performed using 1 ml Sensiscriptt reverse transcriptase (Qiagen, Hilden, Germany), 0.5 mM dNTPs, 250 ng random primer (Invitrogen), 10 U RNase inhibitor (Invitrogen) and 13.5 ml RNA in a total volume of 20 ml. The reaction was carried out at 371C for 2 h.
Preamplification and Real-time Quantitative PCR
A standard PCR was used for preamplification of the target sequences. To minimize DNA cross-contamination and contamination of samples by PCR product carry-over, an additional DNase digestion step was performed. The PCR mix containing 0.2 mM dNTPs, 1.5 mM MgCl 2 , 2 ml 10 Â PCR buffer and 0.5 ml DNaseI (Stratagene) in a total volume of 18.25 ml was incubated for 20 min at 371C in a thermal cycler. DNAse was inactivated by heating to 941C for 10 min before 1 ml cDNA, 0.25 ml of each primer and 0.25 ml Platinum Taq polymerase (Invitrogen) were added. Samples were heated to 941C for 3 min followed by 15 cycles of denaturation at 941C for 20 s, annealing at 581C for 30 s and extension at 721C for 45 s and a final extension step at 721C for 7 min. To avoid false-positive amplification of genomic DNA, primers were designed to span 2 exons. The following primers were used:
Quantitative real-time PCR was performed in a LightCycler instrument (Roche Diagnostics) in a total volume of 20 ml using the LightCycler FastStart DNA Master SYBR Green I kit (Roche Diagnostics) and 2 ml of the PCR product as template. Samples were heated to 951C for 10 min followed by 40 cycles of denaturation at 951C for 0 s, annealing at 581C for 7 s and extension at 721C for 14 s. After the last cycle, a melting curve analysis was performed to verify the specificity of the amplified PCR products.
The following nested primers were used:
Her-2-NR:
The amount of PCR product was calculated using an external standard curve and LightCycler software. Calculated Her-2/neu expression was normalized on the basis of the porphobilinogen deaminase (PBGD) expression in the corresponding samples.
Immunohistochemistry
Immunohistochemical detection of Her-2/neu was carried out using a monoclonal anti-human c-ErbB2 antibody (BD Transduction Laboratories, Heidelberg, Germany) at a concentration of 0.2 mg/ml. Paraffin sections were deparaffinized in XEM-200 (Vogel GmbH, Giessen, Germany) and rehydrated in alcohol. For detection the ImmunoCruzt Staining System for use with mouse primary antibodies (Santa Cruz, Heidelberg, Germany) and 3,3 0 -diaminobenzidine (DAB) as substrate (Vector Laboratories, Burlingame, CA, USA) were used according to the manufacturers instructions.
All slides were counterstained with hematoxylin (Sigma, Taufkirchen, Germany) and mounted under glass coverslips using Aquatex (VWR International, Darmstadt, Germany).
Results
Effect of Amplicon Size on Gene Expression Analysis
To determine the optimal amplicon size for gene expression analysis in formalin-fixed paraffin-embedded osteosarcoma tissue, we designed a set of primers spanning 66 -574 bp of the housekeeping gene PBGD. PCR products were analyzed on ethidium-bromide stained gels and compared to the amplification products derived from cDNA obtained from the osteosarcoma cell line Saos-2. Figure 1 indicates a reduced amplification in the formalinfixed samples at 252 bp and even no amplification at larger amplicon sizes. These data demonstrate the fragmentation of RNA in the formalin-fixed samples that requires amplicon sizes below 150 bp for quantitative analysis.
Prevention of False-Positive Amplification Products by DNase Treatment
Owing to the very high sensitivity of this method, DNA-contaminations in the solutions and tubes used for PCR and PCR-template carry-over may lead to false-positive results that have to be excluded. We decided to implement a DNase digestion step before Her-2/neu gene expression in osteosarcoma J Fellenberg et al amplification of target sequences directly in the PCR reaction buffer. The effectiveness of this DNase preincubation on the prevention of false-positive amplification was tested using several dilutions of Saos-2 cDNA (10 À2 -10 À5 ) and control reactions without template. PBGD cDNA was amplified as described in Materials and methods with and without DNase digestion. Without DNase treatment, false-positive results were occasionally observed in the negative control reactions without template which could be completely abolished by DNase preincubation of the samples (Figure 2 ).
Effect of Proteinase K Digestion on RNA Recovery
The influence of proteinase K digestion on RNA extraction and the quantification of Her-2/neu mRNA was investigated using laser-microdissected osteosarcoma cells. Equal amouts of osteosarcoma cells were excised from paraffin-embedded samples and incubated for 2 or 16 h with proteinase K to digest the tissue. The amount of Her-2/neu amplification product was semiquantitatively analyzed by PCR amplification, nested-PCR and gel electrophoresis. In contrast to only faint bands that could be detected in the absence of proteinase K, a timedependent increase of signal intensity was observed in the proteinase K-treated samples (Figure 3) .
Effect of Target Amplification on Quantification Results
The efficiency of target amplification by PCR is influenced by many factors like primer sequence, cDNA quality and template concentration. If, as in our study, it is necessary to amplify the target sequences, differences in PCR efficiency would lead to incorrect quantification results since the ratio between the gene of interest and the housekeeping gene that is used for normalization would not be constant. To exclude possible quantification errors due to target amplification Saos-2 cDNA was diluted 1:5000 and reamplified by PCR. The abundance of Her-2/neu and porphobilinogen cDNA was Figure 1 Amplification of different sized fragments of PBGD cDNA derived from laser-microdissected formalin-fixed and paraffinembedded tissue. Six primer pairs that amplify fragments ranging from 66 to 574 bp were tested. RNA isolated from the cell line Saos-2 served as control. PCR products were separated on a 2% agarose gel and stained with ethidium bromide. Figure 2 Porphobilinogen cDNA derived from Saos-2 cells was diluted as indicated and preamplified with (a) or without (b) DNase digestion. As negative control, five reactions were carried out without the addition of template (À). A measure of 1 ml of the preamplification reaction mixture was subjected to a nested PCR consisting of 32 cycles. PCR products were separated on a 2% agarose gel and stained with ethidium bromide. A representative experiment is shown.
Her-2/neu gene expression in osteosarcoma J Fellenberg et al quantified by LightCycler after 9, 12, 15, 18, 21 and 24 cycles of amplification. The efficiencies of Her-2/ neu and PBGD amplification were comparable over a wide range of cycles. The detection limit was reached after six cycles of preamplification. Best quantification results were obtained when amplification was carried out 6-9 cycles over the detection limit. Thus, for further experiments, 15 cycles of preamplification were carried out before quantification ( Figure 4 ).
Sensitivity of Quantitative PCR Analysis of Lasermicrodissected Paraffin-embedded Osteosarcoma Cells
The combination of proteinase K digestion, DNase treatment of the RNA and the PCR reactions and amplification of the target sequences led to a highly reproducible and sensitive method to quantify mRNA expression even in decalcified and formalin-fixed specimen. Approximately 100 cells were sufficient to obtain enough cDNA for the analysis of 20 different genes ( Figure 5 ).
Quantification of Her-2/neu Expression in Laser microdissected Osteosarcoma Tissue
To investigate the relationship between Her-2/neu gene expression and the response to preoperative chemotherapy, we analyzed Her-2/neu expression in 17 laser-microdissected osteosarcoma biopsies. Total RNA was extracted from approximately 200 cells isolated in duplicates from two different areas of the formalin-fixed samples and converted to cDNA. Her-2/neu and PBGD cDNA were amplified by PCR and quantified by a nested real-time quantitative PCR. Her-2/neu expression was normalized to the expression of the housekeeping gene PBGD and correlated to the histologically determined response to preoperative chemotherapy. In all samples analyzed, Her-2/neu expression could be detected. Expression was significantly elevated in patients with poor response as defined by more than 10% viable tumor cells after chemotherapy. Her-2/neu expression correlated significantly with response to chemotherapy as determined by MannWhitney U-test (P ¼ 0.005). Defining a 1.3-fold Her-2/neu expression as threshold for overexpression therapy outcome would have been predicted Figure 3 RNA was extracted from 200 laser-microdissected osteosarcoma cells in the absence of proteinase K or after incubation with proteinase K at 561C for 2 and 16 h, respectively. RNA was reverse transcribed, and porphobilinogen cDNA was amplified by nested PCR as described in Materials and methods. PCR products were separated on a 2% agarose gel and stained with ethidium bromide. As negative control, three reactions were carried out in the presence of proteinase K but without the addition of cells. Figure 4 Her-2/neu and PBGD cDNA was amplified by PCR using a 1:5000 dilution of Saos-2 cDNA as template. PCR products were quantified by a nested real-time quantitative PCR after the indicated number of cycles. Template concentrations were calculated by an internal standard curve and LightCycler software.
Her-2/neu gene expression in osteosarcoma J Fellenberg et al correctly in 16 out of 17 samples analyzed (94%). In all samples derived from tumors with good response to chemotherapy, Her-2/neu expression was lower than 1.06-fold compared to the housekeeping gene PBGD. In samples from tumors with poor response to chemotherapy six out of seven (85%) showed Her-2/neu overexpression ranging from 1.6 to 7.9-fold. The results obtained from two different areas of the sections were comparable, demonstrating the reproducibility of the applied methods. (Figure 6 a,b) .
Expression of Her-2/neu Protein in Osteosarcoma Biopsies
To investigate whether the observed Her-2/neu gene expression is associated with the expression of the Her-2/neu protein, immunohistochemical analysis of osteosarcoma biopsies was conducted using a monoclonal c-ErbB2 (Her-2/neu) antibody. In all samples analyzed, a strong cytoplasmic expression of Her-2/neu could be detected ( Figure  7) . However, no quantitative correlation between Her-2/neu protein-and mRNA-expression was observed.
Discussion
Histologic response to chemotherapy is currently the strongest prognostic factor in high-grade osteosarcoma, but it can only be assessed after several weeks of therapy. 1 Thus, detection of chemosensitivity at the time of diagnosis would be of great clinical importance, but reliable prognostic markers are currently not available. Besides morphological and biochemical markers like tumor volume and primary tumor site 6 as well as serum levels of lactate dehydrogenase and alkaline phosphatase, 1 genetic markers have also been investigated. Expression of P-glycoprotein 8 and Her-2/neu (erbB2) 18 have been correlated with tumor regression and clinical outcome but reports are controversial. Some immunohistochemical studies demonstrated a significant correlation between Her-2/neu expression and a poor histologic response to preoperative chemotherapy, a decreased event-free survival as well as an increased risk of pulmonary metastases. [17] [18] [19] 23 In contrast, other studies observed Her-2/neu expression irrespective of histologic subtype and grade that was not associated with response to preoperative chemotherapy and clinical outcome. 22 Further reports did not observe Her-2/neu overexpression or even reported complete absence of Her-2/neu Figure 5 RNA was extracted from the indicated numbers of lasermicrodissected cells obtained from a decalcified, paraffinembedded and formalin-fixed osteosarcoma section and converted to cDNA. A measure of 1 ml of each cDNA was used to amplify Her-2/neu target sequence followed by a nested PCR. PCR products were separated on a 2% agarose gel and stained with ethidium bromide. As positive control, cDNA from Saos-2 cells was used. In the negative control, RNA extraction was carried out using lysis buffer without cells. protein and mRNA expression in osteosarcoma tissue. 20, 21 The reasons for these conflicting data have been extensively discussed in the literature and attributed mainly to methological and technical issues. In most studies, immunohistochemistry has been used for the detection of Her-2/neu expression on sections derived from paraffin-embedded tissue. The results are strongly influenced by various parameters including fixation, storage, antigen retrieval, type of antibody and the interpretation of the results. In most studies demonstrating Her-2/neu overexpression in osteosarcomas, only a membranous staining was considered positive, cytoplasmic staining was supposed to be negative. However, cytoplasmic staining has been shown to be of prognostic value in a variety of other carcinomas including bladder and papillary thyroid carcinoma. 34, 35 In addition, sensitivity and specificity of immunohistochemical Her-2/neu detection depends crucially on the antibody used. 24, 36 Owing to these disadvantages of the immunohistochemical analysis of Her-2/neu protein expression, we decided to analyze mRNA expression by quantitative real-time PCR. However, the cellular heterogeneity of most tumor tissues limits the significance and interpretation of the results obtained by conventional molecular techniques in quantitative studies. The amount of contaminating bystander cells that would falsify the results is unknown in most cases. Therefore, molecular alterations like changes in gene expression cannot clearly be attributed to the cells of interest. Laser microdissection overcomes this problem by a precise removal of a morphological defined cell population from tissue sections. Selected cells are directly catapulted in a reaction tube and are then available for further molecular analyses. However, formalin fixation and in the case of osteosarcoma tissues decalcification cause an extensive degradation and chemical modification of nucleic acids leading to a significantly reduced recovery of highly fragmented RNA compared to fresh or frozen tissues. Nevertheless, it has been demonstrated that RNA from formalin-fixed paraffin-embedded tissue can successfully be used for quantitative RT-PCR analyses and that gene expression analyzed in routinely archived tissue accurately reflects the expression pattern before fixation. 26, 29, 30, 37 The goal of this study was the modification of current protocols to optimize RNA yield, efficiency of cDNA synthesis and PCR sensitivity according to the requirements of decalcified osteosarcoma tissue in order to analyze Her-2/neu gene expression. The isolation of sufficient DNA-free RNA was achieved by extensive proteinase K digestion of the samples in combination with a DNase treatment during RNA extraction. PCR sensitivity could be significantly increased by amplification of target cDNAs by PCR in combination with a nested quantitative real-time PCR. However, the high sensitivity causes the major problem of false-positive results due to DNA contaminations and PCR product carryover. The introduction of a second DNase treatment directly in the PCR reaction mix before the addition of template Her-2/neu gene expression in osteosarcoma J Fellenberg et al and primers in addition with a UV-irradiation of the work station and all instruments used completely abolished this problem and led to highly reproducible results. Thus, we could demonstrate that laser microdissection in combination with quantitative real-time PCR is a highly valuable, sensitive and reproducible tool for the cell-specific analysis of gene expression. Besides gene expression, other parameters like gene copy numbers, loss of heterozygosity, DNA methylation and mutations can be investigated in laser-microdissected samples allowing the identification of molecular profiles of specific pathological lessions. The ongoing improvement of microdissection techniques and protocols will facilitate the application of laser microdissection for cell-specific high-throughput screenings and will thus have a great impact on molecular pathology and clinical diagnosis in the future.
Using this technique, we could demonstrate for the first time Her-2/neu gene expression in lasermicrodissected osteosarcoma cells derived from tumor biopsies. In addition, a correlation between Her-2/neu expression and response to chemotherapy could be detected. Her-2/neu expression was significantly elevated in patients with poor response to chemotherapy. Defining a 1.3-fold Her-2/neu expression compared to the housekeeping gene PBGD as threshold for overexpression a positive predictive value of Her-2/neu expression could be demonstrated in 16 out of 17 cases (94%). Gene expression of Her-2/neu may thus be a useful marker for the determination of therapy outcome allowing the stratification into low-risk and highrisk patients. Risk assessment at the time of diagnosis would allow an individual adaptation of therapy improving the outcome of high-risk patients and minimizing the toxicity of therapy to low-risk patients. Besides the predictive value, Her-2/neu may also be considered as target for new therapeutic strategies in osteosarcoma treatment. Phase II studies of anti-p185 Her-2 monoclonal antibodies alone or in combination with cisplatin already provided encouraging results in the treatment of breast cancer. 38, 39 The demonstrated advantages of gene expression analyses over immunohistochemical studies and the possibility to analyze archival material facilitates the validation of our results by larger retrospective investigations.
